Influence of Fiber Shape and Water-Binder Ratio on Blast
Resistance of PVA Fiber Reinforced Mortar Introduction When designing blast-resistant concrete structures, reducing spall damage is a major problem. Spalling indicates the failure of reinforced concrete (RC) slabs due to contact detonation which caused by the tensile stress waves reflected from the backside of the slab. To preserve human life under such circumstances, the launch of concrete fragments accompanies the spalling needs to be prevented. The authors have verified the good spall-reducing performance of fiber reinforced cementitious composite (FRCC) slabs under contact detonation 1) . However, a designing method for obtaining the required blast-resistant performance of the FRCC members has not been developed yet; one of the reasons for this is that it is difficult to obtain dynamic mechanical properties of FRCCs corresponding to this problem where the dominant strain rate is of the order of 10 3 -10 4 /s. Hence, it may be convenient to consider the spall-reducing performance of FRCC member as a material property of the FRCC. It can be obtained directly based on material factors such as fiber shape, water-binder ratio, and so on.
This study was conducted to evaluate the influence of various material factors on the blast resistance of FRCC slabs under contact detonation; therefore, contact detonation tests were carried out on polyvinyl alcohol fiber reinforced mortar (PVAFRM) slabs with four different shapes of PVA fibers and four different water-binder ratios of the mortar matrix. Table 1 lists the materials used for PVAFRM. The PVA fibers with the following shapes were employed: type I was φ0.1 × 12 mm (Aspect ratio (lf/df): 120); type II was φ0.2 × 12 mm (lf/df = 60); type III was φ0.2 × 18 mm (lf/df = 90) and; type IV was φ0.2 × 24 mm (lf/df = 120). To provide high fluidity to PVAFRM in its fresh state, fly ash (type II) was used as admixture. Table 2 lists the mixture proportions of the PVAFRM. The water-binder ratio (W/B) varied over the values 25, 33, 40, and 50% with the fiber volume fraction, replacement ratio of cement by fly ash, and sand-binder ratio fixed at 2.0, 20, and 100%, respectively. The fluidity of the PVAFRM in its fresh state was varied using a superplasticizer and thickener. The static mechanical properties of various PVAFRMs are shown in Table 2 .
Materials

Specimens Configuration
All the specimens were 500 mm long, 500 mm wide, and 80 mm thick, as shown in Fig. 1 . It was investigated that the influence of the steel reinforcement on the local failure is negligible [2] ; however, lattice-like rebars with the horizontal and vertical intervals 120 mm in the center of slab thickness were employed to prevent the cracking of the slab.The PVAFRM was placed so that the casting surface became the blasted surface. These specimens were cured in water at 20 o C for 28 days, and then cured in air for 14 days until testing.
The specimen was supported by two wooden jigs with an inside span of 410 mm, as shown in Fig. 2 . The SEP explosives were installed in the center of the upper surface of the specimen and blasted using an electric detonator No. 6. The amount of explosives is 70 g, which corresponds to the breach limit of a normal concrete slab with a thickness of 80 mm 2) . Tables 3 and 4 show the failure modes and the fracture appearances of the PVAFRM specimens, respectively. The following results can be obtained from these tables: (a) Spall was prevented at W/B = 33% in types III and IV, whereas spall occurred at all W/B value in type II. Therefore, although it depends on W/B value, it is more effective to adapt longer fibers to suppress spall if the fiber diameter is constant; this may be because long fibers are difficult to be pull out. (b) Spall was suppressed at all W/B value in type I, but spall occurred at W/B = 50, 40, and 25% in type IV. Therefore, it is more effective to adapt finer fibers to suppress spall if the l f /d f value is constant. By analogy from the previous finding that rebar reinforcement hardly affects the spall failure 2) , the reinforcing level becomes macroscopic by using thick-diameter fibers so that the effect of suppressing embrittlement of spall failure spot caused by dense cracks may be reduced. (c) For types III and IV, spall was suppressed at W/B = 33%, but occurred at W/B = 50, 40, and 25%. Therefore, the spall-suppressing performance is reduced when the W/B value is too high or too low; it is considered that there is an appropriate value of W/B that depends on the fiber shape. In general, the lower the W/B value, the greater the bond strength at the fiber-matrix interface so that fiber pull-out is less likely to occur. On the contrary, as the W/B value increases, the pressure rise may be alleviated by the plastic compaction, which is a phenomenon in which the pressure rise is relieved by crushing the voids in the porous material. It is considered that the value of W/B is appropriate when the above two effects are balanced. As shown in Fig. 3 , fine spall-fragments tend to increase in a low W/B mixture; the fiber-reinforcing effect may be reduced because the matrix was broken into small pieces by a strong inflation pressure. are also shown. As shown in Fig. 4 , the crater diameter is almost constant regardless of the fiber shape, but the crater diameter tends to decrease with the decrease in W/B value. In the problem of contact detonation, it is expected that part of mortar at the crater portion will be extruded toward its outer peripheral part. According to this experimental results, because the bond at the fiber-matrix is strengthened as the W/B value decreases, the embrittlement of the outer periphery of the crater may 
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be suppressed. However, the relationship between the crater diameter and the W/B value is not linear; the reducing effect tends to be moderate as the W/B value decreases.
On the other hand, it can be seen from Fig. 5 that the relationship between the crater depth and the W/B value is different from the above: the crater depth reaches a minimum value at W/B = 40%. This may be because the crater bottom tends to be crushed due to the above-mentioned plastic compaction when W/B = 50%; conversely, in the range where W/B value is 33% or less, because the plastic compaction effect is weakened with a decrease in W/B value, the crater bottom tends to be broken brittlely. Therefore, when the W/B value is higher or lower than its appropriate value, the spall occurs and the crater depth also increases, suggesting a risk that the breach easily occurs.
From Fig. 6 , although the spall diameter is somewhat dispersed, it tends to be generally reduced as the fiber length increases, and no definite correlation with W/B value is observed. In addition, as shown in Fig. 7 , the spall depth was within the range of 30 ± 4 mm in nine mixtures among ten mixtures in which spall occurred.
Influences of fiber
In general, it is known that fibers in FRCC tend to be two-dimensionally oriented in a plane parallel to the casting surface, except for the parts that are forcibly oriented by a formwork and so on. Therefore, it is predicted that the volume of fibers bridging the side part of the spall failure surface is high, and the volume of fibers bridging the top part is relatively less, as shown in Fig. 8 (a) . As a result, the fibers bridging the side of the spall failure surface and the flexural cracking surface inside the spall-fragments mainly contribute to the prevention of spall (Fig. 8 (b) ), and spall occurs when the bridging force is lost (Fig. 8 (c) ). By analogy from the previous finding that concrete strength hardly affects the spall dimensions 2) , it is expected that the position of the spall failure surface is almost invariable regardless of the matrix strength; therefore, it is considered that the spall depth of the specimen in which the spall occurred became almost constant irrespective of the difference in the W/B value.
Conclusion
The following conclusions were reached: 1) It is more effective to adapt longer fibers to suppress spall if the fiber diameter is constant.
Further, if the l f /d f value is constant, it is more effective to adapt finer fibers to suppress spall. 2) The spall-suppressing performance is reduced when the W/B value is too high or too low, and it is considered that there is an appropriate value of W/B that depends on the fiber shape. 3) Although the crater diameter is reduced with the decrease in the W/B value, the optimum W/B value is attained when the crater depth reaches its minimum value. 4) In the specimens in which the spall occurred, the spall depth became almost constant even when the l f /d f and W/B values differed; this is possibility owing to the influence of the fiber orientation.
